The hydrolysis of ochratoxin A (OA) and the corresponding formation of its hydrolysis product, alpha ochratoxin (Oa), by ruminal digesta and in the rumen of hay-fed and grainfed sheep were compared. Ruminal contents from sheep fed diets with hay or with grain hydrolyzed OA in vitro; the majority of the activity was associated with the particulate fraction of the ruminal contents. The rate of hydrolysis of OA by ruminal fluid that was adjusted to different pH values was not influenced (P > .6) by the pH of the samples (pH was from 5.5 to 7.0). Ruminal fluid obtained from hay-fed animals (pH 7.0) was able to hydrolyze OA in vitro and to produce the hydrolyzed product, Oa, at a much greater rate (fivefold) than ruminal fluid obtained from grain-fed animals @H 5.5) (P < .01). Ochratoxin A was administered intrarurmn * ally at a concentration of .5 mgkg of BW to hay-fed and grain-fed sheep. The half-lives for disappearance of OA from the m e n of sheep fed grain (normal feed intake, rumen pH 5.7), fed grain at a low level (30% of normal feed intake, pH 6.5), and fed hay (pH 7.1) were 3.6, 1.3, and .6 h, respectively. The results suggest that OA is hydrolyzed much faster in the rumen of sheep fed hay than in sheep fed grain, presumably because of the different ruminal microbial population, which in turn influenced the rate of hydrolysis of OA.
Introduction
neDhroDathy commonh occunin~ in swine (l&ogh; 1677, 1987) . Ochratoxin is hydrolyzed by enzymes such as carboxypeptidase A, to be nontoxic to animals (chu et al., 1972) , and phenylalanine. Ruminal microflora are able to hydrolyze OA (Hult et al., 1976) . The Ochratoxin A (OA) is a secondary metaboPenicillium (Chu, 1974) . It has been found as a contaminant in many foods and feedlM9; fiogh* 1987). protozoa and the pH of ~m i n a l digesta decrease dramatically when starch is rapidly b p t . of ~nim. sci., univ. of Manitoba.
of British Columbia.
fermented and that this occurs more in sheep %-camtaddress: MamghgEditrn,B~~ofAnimal fed grain diets than in those fed hay diets type of diet and that the rate would be faster for hay-fed than for grain-fed sheep. This may be of considerable practical significance, because it has been recently shown in cattle that an intact, functional rumen greatly favors the disposition of OA (Sreemannarayana et al., 1988) . The objectives of this study were to determine the rates of hydrolysis of OA and the corresponding formation of Oa by nuninal digesta from sheep fed diets containing either a high concentration of grain or hay. Both in vitro and in vivo studies were to be used.
Materlals and Methods
Ochratoxin A. Ochratoxin A was produced by surface liquid fermentation with Aspergillus ochraceus, NRRL 3174 grown on PDA-NaCI slants ( Yamazaki et al., 1970; Davis et al., 1972) . The fermentation was carried out for 10 to 12 d at 28'C. After removal of mycelia mats, the liquid medium was concentrated in a cyclone steam evaporator at reduced pressure and dried by freeze-drying. The final concentration of the toxin, as determined by the methods of Josefsson and Moller (1979) and AOAC (1980), was 1,300 mg OA/kg. Multitoxin analysis (Wilson et al., 1976; Josefsson and Moller, 1977) Preparation of Ochratoxin A in Buffers. Crystalline OA (2 mg) was dissolved in 20 ml of chloroform and quantitatively transferred to 10, 10-ml vials. Each vial containing 200 pg of OA was dried under a stream of nitrogen. When used for the incubation studies, OA was first dissolved in .5 ml of absolute ethanol, assisted by ultrasonic vibration6, and diluted with phosphate buffers (pH 5.5 or pH 7.0) to concentrations of 25 or 50 pg of OA/ml, depending on the experiment. The phosphate buffers (.l M) were prepared as described by Gomori (1955) . When prepared for dosing into the rumen (. 5 mgkg of BW, Exp. 3), OA was dissolved in the buffer solutions (pH 5.5 or 7) to a concentration of 1 mg/ml. facilitate the introduction of the toxin directly into the rumen and the collection of ruminal fluid (Komarek, 1981) . Cannulas were made of soft plastic with diameters of 20 or 30 mm, depending on the size of the sheep (Komarek, 1981) . During recovery from surgery, the animals were kept in separate pens and fed hay for at least 10 d before being placed on the dietary treatments.
The hay diet from the University farm was mainly mid full-bloom alfalfa having a protein content of approximately 16% (N x 6.25). Trace Co-I salt and mono-dibasic calcium phosphate (21% P and 16% Ca) were offered freechoice to all sheep. The grain diet contained 45.6% barley, 45.6% wheat, 3.0% corn gluten meal, 3.0% molasses, Two of the four male and two of the four female sheep were placed in a separate pen and adapted to the grain diet by increasing the amount fed by .2 kglsheep every 2 d for 10 d until the grain diet totally replaced the hay.
These sheep were fed this diet until the termination of the study and the other two sheep continued to receive hay with a mineral and vitamin supplement. All sheep were allowed feed ad libitum between 0900 and 1600. Remaining feed was removed at 1600 each day. Animals were cared for under the guidelines laid down by the Canadian Council on ~n i m a l Care7.
Preparation of Ruminal Digesza. Ruminal fluid was collected via the ruminal cannula into a 25-ml pipette connected to a 50-ml plastic syringe, transferred into an insulated container, and stored anaerobically at 37 to 39'C. The ruminal fluid was filtered through cheesecloth before use.
Most of the experiments used fresh ruminal fluid. When fractions of supernatant and precipitate of ruminal fluid were needed, ruminal fluid was centrifuged at 150 x g for 10 min. The precipitate was resuspended with an equal volume of phosphate buffer having the same pH as the intact ruminal fluid. The pH of the rumen samples and buffers was determined with a pH metefl.
Incubation of Ruminal Digesta. Fresh ruminal fluid (10 ml) was mixed with .5 ml of a solution of OA (25 to 50 pg/ml). Anaerobic conditions were maintained by sparging the incubation mixture with a mixture (5:95) of CO, and N2. Incubations were stopped by adding 1.5 ml of 1 M phosphoric acid. Control incubations were made by adding the same amount of OA to the same volume of ruminal fluid in which the microorganisms were killed by addition of 1.5 ml of 1 M phosphoric acid before incubation. Because of binding of OA to particulate matter the percentage of OA degraded during active incubations was based on the recovery of OA from the control incubations.
Analytical Methods. Acid-inactivated samples were extracted for 20 min with 20 ml of chloroform with constant shaking, followed by centrifugation at 1,200 x g for 10 min at 2'C in 5 0 4 polyethylene tubes to separate chloroform and aqueous phases. A 10-ml subsample of the chloroform fraction was transferred to a 15-ml centrifuge tube containing 2 ml of distilled water and the mixture was shaken by hand to assure thorough mixing, followed by centrifugation at 1,200 x g for 10 min at 2'C. A 5-ml aliquot of the washed chloroform fraction was transferred to a 10-ml vial and dried under a stream of nitrogen for subsequent analysis. Dry samples were reconstituted in 2 ml of chloroform using the ultrasonic vibrator and applied to reverse phase thin-layer chromatographic plates for cleanup using the procedure of Frohlich et al. (1988) . The concentrafions of OA and Oa were determined using the HPLC procedures of Josefsson and Moller (1979) . Dry matter of the feed was determined after drying at 60°C for 2 d. Crude
protein (N x 6.25) was determined using the macro-Kjeldahl method (AOAC, 1980) . Experiment I . The objective of Trial 1 of the experiment was to establish the pattern of pH change in the rumen of sheep that were being adapted to the grain diet and to compare the pattern with that in sheep fed hay. Hay-fed sheep continued to receive hay, and grain-fed sheep were given the grain diet as described above. Ruminal contents were collected 5 h after feeding from each of two male sheep per treatment on d 3, 6, 9, 15, and 30 of the experiment.
A second trial established the pattern of pH change in the rumen during a 10-h period in male sheep that had been adapted to the two diets for 45 d. Ruminal samples were collected from two sheep in each treatment group immediately Wore feeding (0 h) and at 2,4, 6, 8, and 10 h after feeding on two successive days. Samples were prepared for pH measurement as described above.
Experiment 2. The objective of this in vitro experiment was to determine some factors influencing the rate of hydrolysis of OA. Trial 1 determined the rate of hydrolysis of OA by the particulate and the supernatant fractions of ruminal digesta as influenced by diet. Ruminal fluid samples were collected at 1200 (Le., 3 h after feeding) from two grain-fed and two hayfed sheep that had been fed the experimental diets for at least 45 d. After centrifugation of the ruminal fluid, supernatant (soluble fraction) and precipitate (particulate) preparations (as described above) were incubated with OA (12.5 mg/lO ml) at 38 to 39'C. After 3 h, the incubations were stopped and assayed for OA and Oa as described above.
The objective of Trial 2 was to determine whether the rate of hydrolysis of OA was influenced by the site in the rumen where the digesta samples were collected. Fluid was collected at 1400 (i.e., 5 h after feeding) from the upper, middle, and lower levels of the rumen from each of the two sheep on each dietary treatment. In this study, the depth of the rumen was measured and samples were withdrawn from the appropriate levels as described above. No fluid entered the pipette before collection with the syringe. The intact samples were assayed according to procedures outlined above, except the concentration of OA was 25 pg/lO ml of ruminal fluid.
The objective of Trial 3 was to determine the rate of hydrolysis of OA by digesta .oo qb% ¶eans within a p u p with a different superscript letter differ (P < .05).
samples from hay-and grain-fed sheep adjusted to the same pH values. Ruminal fluid was collected from two sheep fed each dietary treatment at 1500 (Le., 6 h after feeding) and centrifuged at 150 x g for 10 min. The precipitate (particulate) fractions were diluted with .1 M pH 5.5 or pH 7.0 phosphate buffers to the original volume of the intact ruminal fluid. Intact ruminal fluid and the reconstituted precipitates were each incubated with OA (25 pg/lO-ml sample) for 3 h at 38 to 39'C, followed by analysis as previously described.
The objective of Trial 4 was to determine whether the rate of hydrolysis of OA was affected by time of collection after feeding. Ruminal fluid was collected from two sheep on each dietary treatment at o900, 1200, and 1500 (i.e., immediately before feeding and 3 and 6 h after feeding).
Experiment 3. The objective was to measure the rates of hydrolysis over time of OA in vivo in the rumen of sheep fed the hay or the grain diets. Each of four female sheep was given a single oral dose of OA (.5 mg O M g of BW)
directly into the rumen via the cannula at lo00 (Le., 1 h after feeding). Two trials were conducted, the f i t one 15 d after starting adaptation to the grain diet, and the second after 2 mo, using the same sheep under the same conditions. Feed consumption in one of the grain-fed sheep was 30% of that of the second sheep. The experiment therefore consisted of three repeated treatments: 1) two hayfed sheep, 2) one grain-fed sheep (low feed intake), and 3) one grain-fed sheep (normal intake). Ruminal fluid was collected at 2,4, 6, and 10 h after dosing. Samples were analyzed for pH, OA, and Oa as described previously.
In aU experiments, each sample was assayed in Experimental Design and Statistical Analysis. Data were analyzed using the ANOVA and GLM procedures and Duncan's Multiple Range Test of SAS (1985) . For Exp. 3, the rate constant used to calculate the half-life of OA disappearance from the rumen was determined by the method of linear regression of semilog plots of the terminal segment of the concentration-time curve (Metzler et al., 1974) . Figure 1 demonstrate that the pH in the rumen of the hay-fed sheep ranged from 6.5 to 7.2, the mean value being 6.9. The pH in the rumen of sheep being adapted to the grain diet decreased to 5.2 during the fist 15 d and remained at that level (P > .05) over the next 15 d.
Results

Experiment I . Results presented in
The results for the second trial show that in hay-fed sheep, the ruminal pH decreased from the prefeeding value to a nearly minimal value of pH 6.9 within 2 h of feeding, whereas in grain-fed sheep the pH decreased during 6 h to the low level of about 5.5 and remained stable for at least an additional 4 h (Figure 2) . During the next 14-h period, pH values returned to prefeeding values. The magnitude of pH fluctuation over time was much greater in grain-fed (.99 pH units) than in hay-fed sheep (.33 pH units). The difference in pH between hay-and grain-fed sheep, 6 h after feeding, was 1.45 pH units (P < .01). Experiment 2. Results of Trial 1 (Table 1) indicate that the rate of OA hydrolysis was relatively low in a l l fractions except for the particulate (precipitate) fraction obtained from hay-fed sheep, which exhibited a rate of OA hydrolysis four times greater than the rate of OA hydrolysis for the particulate fraction from grain-fed sheep (P e .009). The amounts of Oa formed as estimated from the OWOA ratios followed a similar pattern, except that no Oa was detected in Supernatant fractions, suggesting that nearly all hydrolysis of OA occurred in the particulate fraction of the ruminal fluid.
The rate of formation of Oa in the particulate fraction from grain-fed sheep was only 13% of that obtained with the fraction from hay-fed sheep (P e .001). Results of Trial 2 (Table 2) demonstrate that the site from which ruminal fluid was obtained did not affect (P = .53) the rate of hydrolysis of OA, whereas diet had a pronounced effect (P e .01).
Results of Trial 3 (Table 3) demonstrate that the pH of the incubation medium did not affect (P = .67) the rate of hydrolysis of OA. However, there were significant differences (P < .01) in rates of hydrolysis of OA by digesta from hay-fed compared with grain-fed sheep regardless of the buffer type or pH of the incubation medium.
The results of Trial 4 (Table 4) demonstrate that both diet and collection time affected the rate of hydrolysis of OA (P e .a, P e .03) and the 0a:OA (P e .01, P e .01) ratio, respectively, and that in both cases there was an interaction that was signifcant (P c .01) or approached significance (P = .09). The interaction may be attributed to a greater relative decrease in rate of hydrolysis of OA between the time period just before feeding (0 time, approximately 17 h after removal of feed) and at 3 to 6 h after feeding for the grain-fed animals compared with the hay-fed animals.
As observed in the previous studies, both the rate of hydrolysis of OA and the ratio 0a:OA was much greater for hay-fed than for grainfed sheep.
Experiment 3. Feed intake of one sheep fed grain in both the first and second trial was 30% of that of the other sheep and, as a result, the pH of the ruminal fluid decreased less than in sheep that consumed the greater amount of feed. The average feed consumption for sheep .a 1
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in treatment groups 1, 2, and 3 were approximately 2.0 kg of hay and .5 and 1.5 kg of grain/d, respectively. The concentration of OA in the rumen of sheep fed hay fell rapidly; the total disappearance of OA from the rumen occurred within 6 h of dosing (Figure 3) . The disappearance of OA from the rumen of sheep fed grain was more gradual, it still was detectable in the rumen 10 h after dosing. The corresponding half-lives f SE for disappearance of OA from the rumen were .65, 1.30, and 3.38 f .60 h for hay-fed, grain-fed (30% of normal intake), and grain-fed (normal intake) sheep, respectively. The respective pH values of ruminal fluid for sheep fed hay, 30%-grain and lOO%-grain were 7.1.6.2, and 5.7 f .33 (SE) at 2 h; 6.9, 6.5, and 5.8 f .16 at 4 h; 7.0,6.9, and 5.7 f at 6 h; and 7.1, 6.9, and 6.0 f .10 at 10 h after feeding. The pH of ruminal digesta seemed to be closely associated with the rate of hydrolysis of OA in the m e n ; the rate of hydrolysis of OA decreased as the pH decreased.
Discussion
Previous studies have indicated that the presence of a functional rumen in cattle greatly affects the toxicity of OA. Pier et al. (1976) reported that the toxicity of OA in calves decreased with increasing age. This effect was attributed to ruminal development. Patterson et al. (1981) , after feeding OAcontaminated barley to calves, did not find any evidence of kidney or liver damage, which is in contrast to effects seen with nonruminant animals. The data suggested that OA was inactivated in the ruminant. Recently, Sreemannarayana et al. This study demonstrated that, in ruminants, OA was primarily converted to its inactive form in the rumen. The current study showed that the rate of hydrolysis of OA and ruminal pH were influenced by diet: Digesta from hayfed sheep hydrolyzed OA in vitro two to five times faster than digesta from grain-fed sheep and had correspondingly higher pH values. In addition, both factors were affected by the time after feeding, particularly for the grain-fed sheep. The effect on rate of hydrolysis of OA may be attributed to differences in the microbial population and, therefore, amount of active enzyme. It was not attributed to a direct effect of pH on the activity of the enzyme because the rates of hydrolysis of OA in vitro by digesta from the two groups of sheep were not influenced by pH of the incubation media. It has been reported that the type of diet can affect the pH of ruminal digesta (Jouany et al., 1988) and that the microbial population decreases in the rumen after feeding (Michalowski and Muszynski, 1978) . Also, the OA hydrolyzing ability of ruminal digesta seemed to be distributed throughout the rumen and was primarily associated with the particulate fraction rather than the supernatant fraction. The type of microbes in the particulate and soluble fraction was not established in the current study. Some of the bacteria would have been attached to the feed particles (e.g., cellulolytic bacteria). The particulate fraction would probably have also contained the protozoa because they would have been precip itated during centrifugation. The supernatant probably contained a large number of bacteria because they would not have been precipitated during centrifugation (Ogimoto and Soichi, 1981) . The in vivo study demonstrated that the half-life for disappearance of OA from the rumen was two (30% of normal) to five (normal) times greater in grain-fed than in hayfed sheep, which illustrates the much higher hydrolysis rate in the sheep fed hay. In general, the rate of hydrolysis of OA deceased with decreasing pH in the rumen. However, the lower pH of ruminal contents reflects the changes in microbial population as a conse quence of the change of diet from hay to an easily fermentable grain diet. The fermentation activity of digesta from the grain-fed sheep would have been considerably higher than that of digesta from hay-fed sheep, but OA hydrolysis was markedly lower.
Of considerable interest was the fact that the rate of OA conversion to its nontoxic hydrolytic product (Oa) was much lower in grain-fed than in hay-fed sheep. This presumably could be attributed, as indicated above, to differences in the type of microflora that inhabits the rumen in the presence of different feedstuffs (Jouany et al., 1988) . It is well known that the population of protozoa dramatically decreases in grain-fed nuninants, especially at ruminal pH values below 5.0 @die and h h n , Jouany et al., 1988 ). In the current study, complete &faunation may not have occurred, because the lowest pH values observed were 5.2 to 5.5. The microorganisms responsible for the hydrolysis of OA were not identified in the current study. Kiessling et al. (1984) , in a study with chemically defaunated sheep, concluded that the major activity against OA was produced by protozoa, and not by bacteria. They did not, however, establish the number of active protozoa or bacteria in the digesta. The results of the present study are consistent with their conclusion because the rate of hydrolysis of OA was lower in grain-fed than in hay-fed sheep and because it is well known that protozoa are abundant in the m e n of hay-fed but not grain-fed animals. Nevertheless, direct evidence supporting the proposal that protozoa are mainly responsible for OA hydrolysis in the rumen was not shown in the current study. Research will be required to identify individual species of protozoa and bacteria that are capable of hydrolyzing OA and to determine whether low hydrolytic activity in the rumen under low pH conditions is mainly associated with a residual population of protozoa or with the more predominant population of bacteria
The enzymes responsible for the hydrolysis of OA in the rumen were not identified in the present or in previous studies. Other researchers, however, have shown that carboxypeptidase A, trypsin, and a chymotrypsin are able to cleave OA in vitro (F'itout, 1969) . Presumably, several different proteolytic enzymes in the rumen ace capable of cleaving the peptide bond of OA between the isocoumarin moiety and phenylalanine. These enzymes were probably not extracellular, because activity for OA hydrolysis was not found in the supernatant fraction.
lmpllcatlons
Overall, this research demonstrates that the disposition of a common storage mycotoxin, ochratoxin A, by the ruminant is markedly affected by the proportion of grain in the diet. The rates of hydrolysis of ochratoxin A in vitro into its nontoxic metabolite, a ochratoxin and the rate of disappearance of ochratoxin A in vivo were shown to be much lower in grainfed than in hay-fed sheep. This effect is probably due to a difference in the ruminal microbial population in sheep fed the two types of diet. Ochratoxin A-contaminated grain presumably would be most effectively detoxified when fed to ruminants that consume considerable quantities of hay. This knowledge should facilitate the feeding of ochratoxin Acontaminated feedstuffs to ruminants so as to minimize the toxic effects of this potent mycotoxin.
